An efficient one-pot methodology for the synthesis of thioglycosides in excellent yields under neutral conditions through the use of benzyltriethylammonium tetrathiomolybdate [(BnNEt 3 ) 2 MoS 4 ; 1] as a sulfur-transfer reagent has been developed. The reagent 1 reacts with sugar halides to give sugar disulfides, which then undergo reductive cleavage in situ to provide the corresponding thiolates, followed by Michael addition to give the corresponding thioglycosides.
Introduction
The chemistry and biology of thioglycosides have seen dynamic progress thanks to the favorable chemical and biological stability associated with them. [1] S-Glycosides have additional advantages over C-glycosides, since an interglycosidic sulfur atom may act as a hydrogen-bond acceptor and could play an important role in ligand binding, especially in the cases of enzyme inhibitors [2] and enzymeresistant scaffolds, [3] and therefore new developments directed towards the synthetic and medicinal chemistry of thiosugars are important for carbohydrate drug design. [4] Apart from this, thioglycosides are also useful synthons for the synthesis of C-glycosides through the RambergϪ Bäcklund rearrangement [5Ϫ7] of O-glycosides by activation with NIS and AgOTf, [8] and of 1-deoxyglycosides by treatment with Raney nickel. The available methods for the synthesis of thioglycosides utilize sulfur's more nucleophilic and less basic properties (relative to oxygen) to provide thioglycosides in an S N 2-type substitution process. [9] The most commonly used methods include the use of isothiourea derivatives of sugars (in turn derived from the glycosyl halides and thiourea) as precursors, [10] treatment of glycosyl halides with thiolate anions, [11] or the reaction between a 1-thioglycopyranose and an alkyl halide. [12] Other methods are based on Lewis acid catalyzed glycosylation of thiols. By this approach, thioglycosides have been prepared by starting from 1,2-trans-glycosyl esters, [13] trichloroacetimid- [a] Department of Organic Chemistry, Indian Institute of Science, Bangalore 560012, India Fax: (internat.) ϩ 91-80-2360-0529 E-mail: scn@orgchem.iisc.ernet.in [b] Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India
Further, the utility of this one-pot reaction in aqueous medium has been exemplified through the use of ammonium tetrathiomolybdate [(NH 4 ) 2 MoS 4 ; 2]. The application of this methodology has been extended to the synthesis of a variety of thiosugar analogues with excellent diastereoselectivity through inter-and intramolecular reactions.
ates, [14] 1-O-trimethylsilyl glycosides, [15] and from glycopyranoses. [16] Thioglycosides are also prepared from carbohydrate sulfenates [17] and by free radical addition of 1-thiosugars to alkenes. [18] Although there are a number of methods available for the synthesis of thioglycosides, a simple and user-friendly method is still needed.
Results and Discussion
In continuation of our efforts towards the synthesis of sulfur-containing compounds by utilization of benzyltriethylammonium tetrathiomolybdate {[(C 6 H 5 CH 2 NEt 3 ) 2 -MoS 4 ]; 1} as a reagent, [19] we have previously reported the synthesis of sugar disulfides with 1 as the key reagent. [20] More recently, we have also reported the cleavage of disulfide bonds assisted by tetrathiomolybdate 1, which has resulted in the synthesis of a variety of sulfur-containing intermediates in a one-pot fashion. [21] In this paper we extend the utility of tetrathiomolybdate 1 in carbohydrate chemistry, in an approach involving the formation of sugar disulfides, reductive cleavage of the disulfide bond, and subsequent conjugate addition of thiolates to suitable Michael acceptors in a one-pot domino reaction. Interestingly, this study has also resulted in the synthesis of a thiodisaccharide and a (thioglyco)amino acid, with good diastereoselectivity.
Tandem Sulfur Transfer/Reduction/Michael Addition with Use of Benzyltriethylammonium Tetrathiomolybdate (1): Synthesis of Thioglycosides
Glucose disulfide 5 [20] was prepared by treatment of 1 with the glycosyl bromide 4. In initial experiments, the glucose disulfide 5 was isolated and was then again treated with tetrathiomolybdate 1 (1 equiv., 28°C, 3 h) in the presence of methyl vinyl ketone (2 equiv.) to furnish the thioglycoside 6 as the only product in 95% yield (Scheme 1). In subsequent experiments, the reactions were carried out without isolation of the disulfide 5. Accordingly, treatment of glycosyl bromide 4 (1 equiv.) with tetrathiomolybdate 1 (2 equiv.) and acrylonitrile (1 equiv.) gave the corresponding thioglycoside 7 in very good yield (90%). Similarly, treatment of glycosyl bromide 4 with tetrathiomolybdate 1 and methyl acrylate gave the thioglycoside 8 in excellent yield (95%). Compounds 7 and 8 are good precursors for the synthesis of glycopeptides.
To ensure the generality of this methodology, the multistep, one-pot strategy was tested with other Michael acceptors such as acetamidomethyl acrylate and phenyl vinyl sulfone. Thus, sugar bromide 4, on treatment with phenyl vinyl sulfone or acetamidomethyl acrylate in the presence of tetrathiomolybdate 1, afforded the corresponding thioglycoside 9 or (thioglyco)amino acid 10 (obtained as a 1:1 diastereomeric mixture), respectively, in good yields (Scheme 2).
Tandem Sulfur Transfer/Reduction/Michael Addition Reaction with Ammonium Tetrathiomolybdate (2) in Aqueous Medium
The usefulness of this reaction in aqueous medium is presented in Scheme 3. Thus, methyl 6-bromo-6-deoxy-α-dglucopyranoside (12) , [22] obtained from methyl α-d-glucopyranoside 11 in a reaction with PPh 3 , and CBr 4 in pyridine, was treated with ammonium tetrathiomolybdate (2) (2 equiv.) in the presence of methyl vinyl ketone in water as the solvent to give the Michael adduct 14 as the only product in good yield (82%) (Scheme 3). of similar reactions with tetrathiomolybdate 1. The unsaturated lactone 16 was prepared from the glucal derivative 15 [23] by treatment with mCPBA and BF 3 ·OEt 2 at 0°C in CHCl 3 . [24] In an attempted synthesis of thiasugar derivatives by our multi-step, one-pot methodology, Michael acceptor 20 [25] was treated with 1 under similar reaction conditions. However, the reaction gave only the disulfide 21, resulting from Michael addition of the hydroxy group on the unsaturated ester moiety followed by disulfide bond formation at the primary carbon center (Scheme 4). 
An Intramolecular Version of Tandem

Efforts towards Diastereoselective Michael Additions of Masked Thiolates Mediated by Benzyltriethylammonium Tetrathiomolybdate (1)
To verify the diastereoselectivities of Michael addition of thiolates derived from sugar disulfides to α,β-unsaturated carbonyl systems, we focused our attention on the reaction between tetrathiomolybdate 1 and sugar disulfide 5 in the presence of 2-cyclohexenone/2-cyclopentenone. The reactions furnished mixtures (1:1) of diastereomers 23/24, respectively, indicating that they are not diastereoselective (Scheme 5). However, the reaction between compound 25 [24] and the dibenzyl disulfide 26 in the presence of 1 was highly diastereoselective, producing the Michael adduct 27 as the only product in excellent yield. The stereochemistry of 27 at C-3 was assigned from the NOE between the 3-H equatorial and 4-H axial hydrogen atoms. The diastereoselective Michael addition was further demonstrated on treatment of sugar disulfide 28 [20] with 25 in the presence of 1 to afford the sulfide 29, a thiodisaccharide, in excellent yield and with the axial isomer obtained as the only product. Similar treatment of 25 with Boc-Cys-OMe 30 in the presence of 1 produced a C-3-branched (thiogluco)amino acid derivative 31 in good yield (Scheme 6). 
Conclusion
Application of tetrathiomolybdate 1 in the synthesis of thiosaccharides by use of a sulfur transfer/reduction/ Michael addition methodology in a one-pot approach has been studied. An intramolecular version of this reaction for the synthesis of thiosugar analogues has also been studied. Finally, the synthesis of thiodisaccharide 29 and a C-3-branched (thiogluco)amino acid 31 by the same methodology has been demonstrated.
Experimental Section
General Remarks: Molecular sieves were activated at 450°C in a microwave oven for 10 min. All the solvents were distilled from the appropriate drying agents. All the reactions were performed under anhydrous conditions and monitored by TLC on silica gel with UV indicator (Aldrich). Detection was by examination under UV light (254 nm) and by charring with 10% sulfuric acid in methanol. Column chromatography was performed on silica gel (Acme's, 100Ϫ200 mesh). Extracts were concentrated under reduced pressure at Ͻ 50°C (bath).
1 H and 13 C NMR spectra were recorded with Bruker 300 and AMX 400 spectrometers.
1 H NMR spectra recorded in CDCl 3 were referenced to residue CHCl 3 at δ ϭ 7.26 ppm, and 13 C NMR spectra to the central peak of CDCl 3 at δ ϭ 77.0 ppm. Mass spectra were recorded with a Shimadzu GCMS-QP5050 mass spectrometer. [20] Benzyltriethylammonium tetrathiomolybdate (1, 0. 
Bis(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl) Disulfide (5):
Typical Experimental Procedure for the One-Pot Tandem Sulfur
Transfer/Reduction/Michael Addition: Tetrathiomolybdate 1 (0.609 g, 1 mmol) was added in one portion to a well-stirred solution of sugar bromide (1 mmol) in CH 3 CN (10 mL), and the reaction mixture was stirred at 28°C for 2 h. The reaction was monitored by TLC. Once the starting material had disappeared (30 min), tetrathiomolybdate 1 (0.609 g, 1 mmol) was once again added, followed by addition of the Michael acceptor (1 mmol) and the reaction mixture was stirred under argon at room temperature for 3 h. The solvent was removed under vacuum. The black residue was extracted with diethyl ether/dichloromethane mixture (4:1, 25 mL ϫ 4) and filtered through a Celite pad. The filtrate was concentrated under vacuum and the crude product was purified by flash column chromatography on silica gel. 5, 20.6, 20.7, 23.8, 30.0, 44.1, 62.0, 68.2, 69.7, 73.8, 75.9, 83.9, 169.4, 169.4, 170.1, 170.6, 206.4 6, 20.5, 20.6, 20.7, 25.7, 61.9, 68.0, 69.4, 73.5, 76.1, 83.3, 118.0, 169.3, 169.4, 170.0, 170.5 5, 20.6, 25.3, 35.2, 51.8, 62.1, 68.3, 69.7, 73.7, 75.9, 83.9, 169.3, 169.4, 170.1, 170.6, 172 3, 20.4, 20.5, 20.6, 23.0, 56.9, 61.8, 67.9, 69.2, 73.3, 75.9, 86.5, 128.0, 129.4, 134.0, 138.4, 169.2, 169.3, 169.9, 170.6 (10) 20.4, 20.5, 20.9, 22.7, 31.5, 32.2, 51.7, 52.2, 52.5, 52.6, 60.3, 61.7, 62.0, 67.9, 68.0, 69.6, 69.7, 73.4, 75.8, 76.0, 83.1, 83.5, 169.2, 169.3, 169.4, 169.8, 169.9, 170.5, 170.6, 170.8 
3-(2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosylthio)propionitrile (7):
[α] D 25 ϭ Ϫ32 (c ϭ 1, chloroform
N-Acetyl-3-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosylthio)-DLcysteine Methyl Ester
Methyl 3-(6-Deoxy-α-D-glucopyranos-6-ylthio)propionate (14):
Ammonium tetrathiomolybdate (2, 0.262 g, 1 mmol) was added to a solution of methyl 6-bromo-6-deoxy-α-d-glucopyranoside (12, 0.256 g, 1 mmol ) in water (6 mL), and the reaction mixture was stirred for 4 h. The reaction was monitored by TLC. Once the starting material had disappeared (3 h), ammonium tetrathiomolybdate (2, 0.262 g, 1 mmol) was once again added, followed by methyl acrylate (0.086 g, 1 mmol), and the reaction mixture was stirred at room temperature for a further 3 h. The solvent was removed under vacuum. The black residue was extracted with methanol (10 ϫ 3 mL) and filtered through a Celite pad. The combined filtrates were concentrated under vacuum and the crude product was purified by flash column chromatography on silica gel (eluent: methanol/chloroform, 1:9) to yield compound 14 (0.243 g, 82%) as a colorless, gummy solid.
1 H NMR (300 MHz, CDCl 3 ): δ ϭ 2.65 (t, J ϭ 7.2 Hz, 2 H), 2.71Ϫ2.76 (m, 1 H), 2.88 (t, J ϭ 7.2 Hz, 2 H), 3.10 (m, 1 H), 3.36 (t, J ϭ 9 Hz, 1 H), 3.44 (s, 3 H), 3.53 (dd, J ϭ 3.3, J ϭ 9.6 Hz, 1 H), 3.70 (m, 5 H), 4.73 (d, J ϭ 3.3 Hz, 1 H) ppm. 13 C NMR (75 MHz, CDCl 3 ): δ ϭ 28. 1, 33.7, 34.6, 51.8, 55.2, 71.6, 72.0, 72.7, 74.1, 99.2, 172.6 O 7 S ϩ Na 319.0828; found 319.0822. α,β-Unsaturated δ-Lactone 16: [24] 2,3-Di-O-acetyl-6-O-tosyl-d-glucal (15, 0.3 g, 0. 78 mmol) was placed in a 50-mL round-bottomed flask and cooled to Ϫ20°C with the aid of an ice/sodium chloride mixture. m-Chloroperbenzoic acid (0.163 g, 0.93 mmol) was dissolved in dry chloroform (3 mL) and added dropwise to the reaction mixture over a period of 10 min. BF 3 ·Et 2 O (66 µL, 0.67 mmol) was added to this mixture, and stirring was continued for 1 h. The reaction mixture was quenched with ammonia solution (0.3 mL) and ice-cold water (6.5 mL). After the mixture had been stirred for 10 min, the organic layer was separated. The aqueous layer was extracted twice with chloroform (10 mL). The combined chloroform layers were washed with water (10 mL), ammonia solution (10 mL), again with water (10 mL), and with brine solution (10 mL). The organic layer was dried with anhydrous sodium sulfate and filtered, and the solvent was removed to obtain the crude product, which was purified by flash column chromatography (ethyl acetate/petroleum ether, 1:3) to provide pure compound 16 (0.199 g, 75%) as a colorless solid. M.p. 93Ϫ94°C (ref. [24] 92Ϫ93°C ) (the product is unstable at room temperature and decomposes to a black gum in one week). IR (neat): ν ϭ 1744 cm 6, 21.6, 63.3, 66.6, 76.7, 122.0, 130.0, 128.0, 131.9, 143.3, 145.4, 160.5, 169 .5 ppm.
3-Oxo-2-oxa-6-thiabicyclo[3.2.1]oct-8-yl
Acetate (17): The tetrathiomolybdate 1 (0.347 g, 0.57 mmol) was added to a solution of δ-lactone 16 (0.1 g, 0.285 mmol) in acetonitrile (5 mL), and the system was stirred at room temperature for 12 h. The solvent was evaporated under reduced pressure, and the black residue was extracted with dichloromethane and diethyl ether (1:5, 25 mL ϫ 5), filtered through a Celite pad, and concentrated. The residue was purified by column chromatography on silica gel (eluent: ethyl acetate/petroleum ether, 1:1) to afford the bicyclic lactone 17 (0.047 g, 82% 20.7, 32.8, 37.5, 37.7, 72.3, 78.8, 167.2, 169.9 3,4-di-O-acetyl-6-O-tosyl-dglucal (15, 0.1 g, 0.26 mmol) and powdered molecular sieves (4 Å , 0.025 g) in dry acetonitrile (4 mL) was stirred under nitrogen at 0°C for 5 min. [Hydroxy(tosyloxy)iodo]benzene (0.122 g, 0.31 mmol) was added in one portion, and the temperature was raised to room temperature. During the following 30 min the suspension turned yellow and then back to a colorless form. After 75 min, the suspension was filtered through a pad of Celite and the residue was washed with dichloromethane. The combined filtrates were washed with aqueous NaHCO 3 (5 mL) and brine (5 mL), dried (MgSO 4 ), and concentrated under reduced pressure to give a yellow oil. The crude product was rapidly purified by flash column chromatography on silica gel (eluent: ethyl acetate/petroleum ether, 3:7) to provide the enone 18 (0.55 g, 45%) as a colorless gum. IR ( 3, 21.7, 66.2, 67.8, 77.5, 105.4, 128.1, 130.0, 132.2, 145.4, 162.0, 168.8, 187.3 0.55 g, 0. 119 mmol) in acetonitrile (5 mL), and the reaction mixture was stirred at room temperature for 12 h. The solvent was evaporated under reduced pressure, the black residue was extracted with dichloromethane and diethyl ether (2:10, 12 mL ϫ 5) and filtered through a Celite pad, and the filtrate was concentrated. The crude product was purified by flash column chromatography on silica gel (eluent: ethyl acetate/petroleum ether, 1:1) (10 mL) , and the mixture was stirred at room temperature for 12 h. The solvent was evaporated under reduced pressure, the black residue was extracted with dichloromethane and diethyl ether (3:10, 25 mL ϫ 4) and filtered through a Celite pad, and the filtrate was concentrated. 1, 25.4, 27.2, 38.2, 42.3, 60.6, 80.5, 82.8, 83.7, 84.2, 114.7, 170 20.6, 20.7, 24.2, 24.3, 31.8, 32.0, 40.6, 40.7, 42.3, 43.4, 48.9, 49.0, 62.0, 62.2, 68.2, 68.3, 69.8, 69.9, 73.7, 75.8, 77.2, 82.7, 83.6, 169.3, 169.4, 169.4, 170.1, 170.1, 170.6, 170.7, 208 5, 20.6, 20.7, 30.1, 30.7, 37.2, 37.3, 39.5, 40.1, 45.9, 46.7, 61.9, 62.1, 68.1, 68.2, 69.7, 69.9, 73.6, 75.9, 83.2, 83.5, 169.3, 169.4, 170.1, 170.1, 170.5, 215.7, 215.9 
